The dense array of N-linked glycans on the HIV-1 Envelope Glycoprotein (Env), known as the "glycan shield", is a key 17 determinant of immunogenicity, yet intrinsic heterogeneity confounds typical structure-function analysis. Here we 18 present an integrated approach of single-particle electron cryomicroscopy (cryo-EM) and computational modeling to 19 probe glycan shield structure and behavior at multiple levels. We found that dynamics lead to an extensive network 20 of inter-glycan interactions and drive higher-order structuring within the glycan shield. This structure defines diffuse 21 boundaries between buried and exposed protein surface and provides a mapping of potentially immunogenic sites on 22 Env. Analysis of the same Env across a range of glycosylation states revealed that subtle changes in glycan occupancy, 23 composition, and dynamics can impact glycan shield structure and epitope accessibility. We also performed site-24 specific mass-spectrometry analysis on the same samples and show how cryo-EM can complement such studies.
Introduction 29
The Human Immunodeficiency Virus Type 1 (HIV-1) Envelope Glycoprotein (Env) is the sole antigen on the surface of 30 the virion and has thus evolved several tactics for evading the adaptive immune system, chief among which is 31 extensive surface glycosylation [1] [2] [3] . Env has one of the highest densities of N-linked glycosylation sites known, with 32 ~1/21 extracellular residues being glycosylated, accounting for ~1/2 the mass of the molecule [4] [5] [6] [7] [8] . This sugar coat, 33 referred to as the "glycan shield," is common among viral fusion proteins and is believed to be a primary hurdle in the 6 throughput atomistic modeling (HT-AM) pipeline based around the ALLOSMOD package of the MODELLER software 174 suite. The glycan modeling functionality in the ALLSOMOD package was developed for generating ensembles of 175 heterogeneous glycoprotein models to simulate small-angle X-ray scattering (SAXS) profiles [39] and has since been 176 used to generate small ensembles glycosylated Env [40] . This methodology accounts for both energetic and spatial 177 constraints on glycan sampling by a combination of empirical energy minimization and simulated annealing (described 178 in detail by Guttman et al. [39] ). Here, we have built on this by integrating a stereochemical check on the protein 179 backbone as an intermediate step for rigorous selection of the underlying scaffold and utilized it to generate much 180 larger ensembles of 1000 fully glycosylated Env structures (Figure 3 ). Ten such models are shown in Figure 3C , one 181 from each protein scaffold, while the full set of models at a single PNGS is shown in Figure 3D . We also repeated the 182 simulation with uniform mannose-5 (Man5) glycosylation for comparison.
183
To determine if our simulations converged, we first calculated the root mean-squared fluctuation (RMSF) 184 for each glycan (see Methods) across all 1000 models after aligning the protein scaffold ( Figure 3E ), then compared it 185 to the average of randomly selected equally sized subsets (Supplemental Figure 3D ). We see that the mean RSMF 186 values between the subsets are nearly identical and the standard deviations from the means are very small, indicating 187 convergence. A similar trend can be seen for the per-glycan sampled volumes (Supplemental Figure 3E ).
189
HT-AM generated models captures spatial and energetic constraints on glycan flexibility 190 Having verified that our simulations converged, we could then analyze the RMSF values more closely to assess how 191 spatial and energetic constraints affect the flexibility of individual glycans. It is clear from Figure 3E that our method 192 captures variability between glycans, and the additional flexibility imparted by the 10 starting protein scaffolds can be 193 appreciated by comparison to the glycan only RMSF ( Figure 3F ). For example, glycans located on the flexible loops 194 have a much higher RMSF than all the other glycans (185e, 185h as well as 406 and 411) whereas glycans at the N262, 195 N301, N332, N448, and N611 sites for example, have lower RMSF. This leads to a large difference in sampled volumes 196 between the most and least dynamic glycans (Supplemental Figure 5A ). We also see an increase in average RMSF 197 within a single glycan as a function of glycan residue number starting from the first NAG (Supplemental Figure 3C ), 198 which is in line with the cryo-EM results showing reduced resolution beyond this residue ( Figure 1D ).
199
We see a similar trend in the average RMSF values from the Man5 ensemble (Supplemental Figure 4A-B ).
200
Interestingly however, by comparing the average RMSF values of the 5 th mannose residue in both the Man5 and Man9 201 ensembles, we find a slight increase in RMSF and volume at most sites ( Figure 3G and Supplemental Figure 4D ). We 202 attribute this effect to restricted sampling in the glycan canopy from the more massive Man9 glycans. In support of 203 this, we see a positive correlation between glycan flexibility and a measure of local glycan density (see Methods), 204 however only when considering relatively large neighborhoods (Supplemental Figure 6A) . A similar trend was 205 observed by Stewart-Jones et al. which they attribute to different "shells" of influencing glycans [6] . Such higher-order 206 dynamic effects could be possible in light of our structural observations. 7 However, crowding from neighboring glycans is not the only factor that can influence glycan flexibility, it can 208 also be influenced by the local protein structure. In our modeling pipeline, the protein backbone was kept 209 harmonically restrained close to the template structure to allow for extensive sampling of glycan conformations using 210 simulated annealing, without leading to unfolding of the underlying protein. Thus, we see that the Asn sidechains of 211 residues 88, 160, 197, 234 and 262 all have very low RMSF (Supplemental Figure 3F ), possibly stemming to some 212 extent from limited torsional space available during modeling. The glycosylated Asn residues in gp41 have relatively 213 low RMSF as well (N611, N618, N625, and N637), being situated on stable helical bundles (Supplemental Figure 5B ).
214
This ultimately results in a relative reduction of the glycan dynamics at some of these sites ( Figure 3C ). Correcting for 215 the contribution to fluctuations coming from the underlying protein, we observed that the RMSF between the 216 different glycans are comparable, ranging from 3 Å to 5 Å, with similar scale of SD ( Figure 3F ).
218
Synthetic cryo-EM maps generated from the HT-AM ensembles reproduce global features of the glycan shield 219 from experimental cryo-EM data
220
We showed the HT-AM pipeline converges computationally and captures variation in the flexibility of individual 221 glycans. However, to assess if it converges on physiologically relevant dynamics, the results need to be validated 222 against experiments that can capture the same ensemble-average observables. Given the single-molecule nature of 223 cryo-EM datasets, the heterogeneous ensemble generated by the HT-AM pipeline can be seen as representing the 224 individual particles that went into the 3-D reconstruction. With that in mind, we established a protocol for 225 transforming the HT-AM ensembles into synthetic cryo-EM dataset ( Figure 4A ). Each of the 1000 models was first 226 transformed into an mrc volume then projected (with or without noise) at 100 uniformly distributed angles. This 227 combined dataset of 100,000 projections was then refined and reconstructed in RELION[41] ( Figure 4B ). For 228 comparison, we replicated the protocol for the Man5 ensemble as well as a protein-only ensemble (referred to as 229 BG505_Man9, BG505_Man5, and BG505_PO respectively).
230
The simulated cryo-EM map reproduced some of the defining features of the experimental data. Like in the 231 experimental map, refinement was dominated by the stable protein core and only the first few sugar residues at each 232 site are defined at the global FSC resolution and high intensity thresholds ( Figure 4B ). We replicated the scale-space 233 analysis from Figure 2C on the simulated maps and observed a similar trend, with the plateau again appearing around 234 1.5-2 SD (Supplemental Figure 7A-B ). In fact, the volume of the 1.5 SD map contoured at its noise threshold closely 235 approximates the total sampled volume measured directly from the atomic models (dashed line). When comparing 236 BG505_Man9 to the curves produced from the BG505_Man5 and BG505_PO reconstructions, the additional glycan 237 volume recovered by the filtering and thresholding process is apparent, indicating cryo-EM can detect global changes 238 in glycosylation between reconstructions. After filtering, we observed a similar threshold-dependent evolution 239 towards a more connected topology ( Figure 4C ), where at the lowest thresholds the majority of the protein surface is 240 occluded, and the glycan shield is completely interconnected. We even replicated the SPARX 3-D variability analysis 241 on the simulated Man9 dataset and observed very similar results (Supplemental Figure 8A) . By comparing the SPARX 8 method to the true per-voxel 3-D variance calculated without projection and refinement, we confirmed there is 243 negligible difference between the two (Supplemental Figure 8B ). These results suggest the HT-AM pipeline can 244 capture globally similar features to the experimental data, however we would like to assess the accuracy of the models 245 at a more local level.
247
Measuring individual glycan dynamics from synthetic cryo-EM maps 248 Cryo-EM maps represent the average structure of all the particles that went into their construction after alignment 249 to a common reference, and therefore if each molecule is chemically identical, the intensity at a particular voxel will 250 correlate with the probability of atoms occupying that location. Thus, measuring intensity around individual glycans 251 should allow us to assess dynamics and make direct comparison to the RMSF values calculated form the HT-AM 252 ensemble. To do this, we first built and relaxed idealized glycan stalks into the 1.5 SD Gaussian filtered BG505_Man9 253 simulated map ( Figure 5A ) at every PNGS we could confidently identify (23/28 possible glycans per monomer). We 254 could not identify the V2 and V4 loop glycans N185e, N185h, N406, and N411, which have the highest RMSF values, 255 and the glycan at N339, which has a lower RMSF but projects directly towards the heterogeneous V4 loop. The average 256 X, Y, and Z coordinate of each b-mannose (BMA) residue (third sugar ring) was used to analyze the local environment 257 around each glycan ( Figure 5A ). By comparing the normalized inverse RMSF and normalized mean intensity at the 258 location of each BMA residue for the Man9 dataset we observe a strong positive correlation between intensity and 259 inverse RMSF ( Figure 5B) , with a correlation coefficient of ~0.89 (p=8e-8) occurring at a probe radius of 1.725Å using 260 a 0.5 SD Gaussian filtered map (see Methods). Thus, local intensity around BMA residues accurately captures ground-261 truth differences in relative flexibility between glycans and can be used to validate our results against the experimental 262 data.
264
The HT-AM pipeline reproduces physiologically relevant trends in glycan dynamics measured by cryo-EM
265
With a method in place for measuring glycan flexibility from cryo-EM maps, we could then make direct comparisons 266 to the experimental data. First, we built and relaxed glycan stalks into the 1.5 SD Gaussian filtered BG505_293F map 267 as described above using the refined model as a scaffold. We could identify clear signal at 21/28 PNGS, two less than 268 from the simulated map, suggesting the glycans at N398 and N462 are more dynamic than captured by the simulation.
269
However, the fact that the other V2 and V4 loop glycans could not be identified in both maps means the simulated 270 dynamics agree with our experimental data at least up to the detection limit of the method. Overall, we found the 271 HT-AM pipeline captures a similar trend in ordering with a correlation coefficient between the two of ~0.46 (p = 0.03)
272
( Figure 5D ).
273
We observe deviations from the experimental results around a few glycans. In addition to the V4 and V5 loop 274 glycans at N398 and N462, we also see a large deviation at N137 on the V1 loop. The V1 and V5 loops are both dynamic 275 in the experimental data (as determined by reduced resolution) but were not modeled in the simulations, therefore 276 differences are to be expected at these sites. Outside of V loops, two major deviations occur the N262 and N301 9 glycans. In the BG505_293F map, the glycan at N262 is the most ordered due to its stabilizing contacts with the gp120 278 core, and these interactions may not be accurately captured by the simulation given the restricted protein dynamics.
279
The glycan at N301 on the other hand, is dynamic in the BG505_293F map but showed both low Asn RMSF and low 280 glycan RMSF during the simulation (Supplemental Figure 3F and Figure 3E ). In gp41, a large deviation also occurred at 281 the N611 glycan, which is dynamic in the BG505_293F map. We attribute these differences to restrictive sampling at 282 the protein backbone level as previously discussed (Supplemental Figure 5 ). To complicate the comparison, the N618 283 and N625 sites are significantly under-occupied as revealed by MS (Supplemental Figure 10 ). As we show in the next 284 section, sub-occupancy will cause a reduction in local signal intensity due to averaging, which will corrupt 285 measurements of glycan dynamics and even affect the dynamics and processing of neighboring glycans.
286
Overall, the positive correlation between the experimental data and theoretical predictions shows that the 
293
Using the methodology presented above we should be able to detect site-specific changes in dynamics and occupancy 294 between differentially glycosylated Env. To test this, we performed a comparative analysis between the BG505_Man9 295 and BG505_Man5 synthetic reconstructions. Given that Man9 and Man5 glycans are identical up to the 5 th mannose 296 residue, the only changes in intensity around the BMA residue should arise from differences in dynamics alone. On 297 average, we see a ~17% reduction in intensity indicative of increased dynamics, which is in line the RMSF data ( Figure   298 6A). We also accurately detect the largest increase and decrease in dynamics at the N262 and N234 sites respectively.
299
To verify we could detect changes in occupancy, we removed the glycan at the N625 site from half of the 300 models and re-refined the data (referred to as BG505_Man9HO for "half occupancy"). Not surprisingly, we see a near 301 50% reduction in mean intensity from the fully occupied reconstruction around this site ( Figure 6A ). The glycan at 302 N625 is one of the most dynamic, so the relative intensities do not change much, however, this shows how sub-303 occupancy can affect measurements of flexibility, and thus should be taken into account when making comparisons 304 to theoretical estimates.
305
Another technique that should be sensitive to subtle changes between similar cryo-EM maps is difference 306 mapping, which involves subtracting one cryo-EM map from another. Indeed, the change in occupancy at the N625 307 site is apparent in the BG505_Man9 -BG505_Man9HO difference map ( Figure 6B ). At high intensity, the signal is 308 localized around the glycan stalk and extends to the protein surface. Even at low threshold there is still no other 309 detectable difference between the two independent reconstructions. In the BG505_Man9 -BG505_Man5 difference 310 map however ( Figure 6C) , the difference signal is strongest where the distal tips of the Man9 glycans would be, but 311 expands to include the entire additional sampled volume at low threshold. Shown below for comparison is the BG505_Man9 -BG505_PO difference map, which isolates the full contribution of the glycan shield to the cryo-EM 313 reconstruction ( Figure 6D ). These results establish cryo-EM as a tool for measuring glycan dynamics as well as changes 314 in chemical composition and occupancy.
316
Insights gained from analysis of synthetic cryo-EM data allow improved characterization of cell-type specific 317 differences in glycan shield structure, dynamics, and chemical composition
318
We illustrated using simulated data that cryo-EM is capable of capturing subtle changes in glycan structure, dynamics, 319 and chemical composition, so next we sought to test this experimentally. To do so, we collected cryo-EM data on 320 complexes of the RM20A3 Fab and BG505 SOSIP.664 expressed in two additional common cell lines that produce 
326
Both the BG505_CHO and BG505_293S datasets refined to ~3Å-resolution (Supplemental Figure 1 ) and we 327 observe nearly identical Ca positions between the three structures (Supplemental Figure 1 ). In addition, we 328 performed the same scale-space analysis shown in Figure 2A 
332
The 293S sample lacks complex glycans (Supplemental Figure 12 ) and should therefore allow detection of 333 complex or hybrid type glycans via difference mapping. Indeed, we see strong difference signal around the gp41 334 glycans in both the BG505_293F -BG505_293S and BG505_CHO -BG505_293S difference maps ( Figure 7C -D), which 335 are primarily complex and the most under-occupied as seen by MS. We also observe signal around the primarily 336 complex glycan at N88 ( Figure 7G) . At low thresholds, this difference signal forms a large belt around the base of the 337 trimer, illustrating the impact of glycoform distribution and occupancy on glycan shield structure. In addition, clear 338 difference signal appears around the V2, V4, and V5 loops, specifically near the glycans at N185e and h, N398, and 339 N462, all of which are shown to be complex by MS. The MS data also shows subtle difference in both occupancy and 340 percentage of complex glycans at the N398 site between 293F and CHO cell lines, which could explain why there is 341 strong difference signal in one difference map and not the other ( Figure 7C -D). The only significant differences in 342 occupancy between the 293F and 293S samples occur at the N137, N133, and N611 sites. We detect subtle difference 343 signal around the N137 site but not N611.
344
The MS data also shows reduced occupancy of the CHO sample compared to 293F at multiple sites 345 (Supplemental Figure 12 ). Indeed, upon closer examination we see that the difference signal around the gp41 glycans 346 at N611, N618, and N625 in the BG505_293F -BG505_CHO difference map extends all the way to the protein surface 11 ( Figure 7H ), indicative of changes in occupancy. In this difference map as well, there is clear signal around the N137 348 site (confirmed by MS) and to a lesser extent at the tip of the N332 glycan stalk ( Figure 7I ). Given the proximity of 349 N137 and N332, it is plausible that sub-occupancy at one is driving changes in dynamics and/or glycan distribution at 350 the other. Additionally, as the CHO sample came from the pre-trial GMP test-run, these observations have clear clinical 351 implications.
353
Development of a probabilistic glycan-glycan interaction network reveals highly connected glycan sub-domains 354 So far in this study we have primarily focused on quantifying and validating dynamics at the individual glycan level, 355 but we were also interested in examining concerted behavior within of the glycan shield as a whole. Both the 356 experimental and simulated cryo-EM data show extensive interconnectivity among glycans and higher-order 357 structuring, so we sought to quantify these more precisely using the HT-AM ensembles. With each glycan in our 358 models sampling a particular volume in space, neighboring glycans can explore overlapping volumes. The fraction of 359 this overlap gives a measure of the interaction probability between glycans. Figure 8A shows a heat map of the 360 normalized glycan-glycan volume overlap. It can be seen that overall, there are three main regions of overlap, -the 361 V1/V2 apex, the gp41 base, and the densely occupied gp120 outer and inner domains that includes the high-mannose 362 patch (HMP). The inter-protomer overlaps are contributed mainly by the V1/V2 glycans. The nomenclature we use 363 here was inspired by the established nomenclature for gp120 structure [43] , however our definitions of each domain 364 were adapted to better capture glycan shield structure (Supplemental Figure 15 ).
365
To confirm this apparent structural organization, we employed graph theory to capture the glycan shield Figure 8C shows the obtained network with 370 respect to the Man9 ensemble unfolded in 2-D for the ease of visualization. The nodes in the central region around 371 the V4 loop, which is the general location of the HMP, are very highly interconnected. While in the V1/V2 apex domain 372 is also reasonably well-connected. The connections at the base near gp41 are sparse, both locally and globally with 373 the rest of the network. The analysis was repeated for the Man5 ensemble and we observe reduced overall 374 connectivity as measured by the mean node degree that goes down from ~7 to ~5 and the maximum network 375 diameter that increases from 5 to 8 hops, consistent with their smaller size (Supplemental Figure 13 ). Glycan 355 376 remains as the only connecting node between the apex/HMP and base regions of the Man5 network.
377
With a network in place we can analyze the relative influence of each glycan on the whole system and 378 examine its long-range structure. To do this we calculated the relative eigenvector centrality of the nodes, which is 379 given by the sum of the centrality values of the nodes connected to it. Effectively, importance of each node is 380 determined by the total importance of all its direct neighbors. The normalized eigencentrality of the glycans are 381 projected on the network as a colormap in Figure 8C . We see that the high mannose patch glycans at N332, N339, 12 N363, N386, and N392, which are densely connected within the network, have strong eigencentrality measures,
383
presumably as a reflection of their dense packing. At the apex region at the V1/V2 loop, glycans 133, 160 and 185e/h 384 have relatively high eigencentrality, and have clear connections with the other glycans in the shield. On the other 385 hand, glycans 88, 234, 276, and those in gp41 have low eigencentrality, reflecting low interaction probabilities.
386
Incorporated intrinsically into the network is a set of stable sub-graphs that represent highly connected 387 glycan clusters, as is evident in the adjacency matrix ( Figure 8A ). To illustrate the hierarchy of these clusters we 388 progressively stripped the network using tighter overlap cutoffs (Supplemental Figure 14) . As the network is 389 degraded, we first see the formation of two large sub-graphs; one composed of the V1/V2 apex and the gp120 outer 390 domains regions; and the second composed of the gp120 inner domain along with gp41 base glycans. With a more 391 stringent threshold, the sparsely connected glycans with low eigencentrality separate out and the two sub-graphs 392 split again to form four domains; a V1/V2 apex domain; a gp120 outer domain; a gp120 inner domain; and lastly, the 393 group of unconnected gp41 base glycans (Supplemental Figure 15 ).
395
Highly connected sub-domains within the glycan shield are resistant to enzymatic digestion and critical to the 396 stability of the pre-fusion trimer 397 Experimentally validating the proposed interaction networks and sub-domain structure is not as straightforward as 398 validating individual glycan dynamics. However, we hypothesized that highly connected glycans would be protected 399 from enzymatic digestion and conversely that sparsely connected glycans would be more susceptible. If confirmed, it 400 could provide indirect validation of our network models. To test this, we exposed the BG505_293S sample (already 401 complexed with RM20A3) to digestion by Endoglycosidase H (Endo H) and performed cryo-EM on samples after 2hrs 402 and 16 hrs of digestion. Endo H cleaves only high-mannose type glycans between the first and second residues, leaving 403 the core NAG attached ( Figure 9A ). The datasets, referred to as BG505_EndoH2 and BG505_EndoH16, reconstructed 404 to ~3.2Å and 3.5Å respectively, with similar overall quality, resulting in highly similar atomic models (Supplemental 405 Figure 1 ).
406
Using the methods presented above, we characterized the glycosylation state at each PNGS from the two 407 digestion intermediates. Indeed, we found that digestion occurs non-uniformly between glycans ( Figure 9B ). This was 408 confirmed by the difference maps ( Figure 9C) 
412
If we assume a linear relationship between intensity and occupancy and use the MS data to determine the 413 initial occupancy at each site, we can calculate the percent occupancy after digestion ( Figure 9B ). After 2 hours we 414 see complete digestion of the gp41 glycans (N611-637) while some glycans, particularly those at the high-mannose 415 patch (N197, N295, N332, N363, N386, N392, and N448), remain mostly intact. Apparent in the 0-2hr difference map 416 only is signal around the V2, V4, and V5 loop glycans ( Figure 9C ). This indicates the dynamic V-loop glycans are highly susceptible to digestion. We also found partial occupancy at a few sites, suggesting non-uniform digestion between 418 the particles. For example, the apex glycans at N156 and N160 as well as the glycans at N133, N197, and N234 all 419 showed partial signal reduction. After 16 hours we saw almost complete digestion of the glycan shield, with only 420 reduced occupancy detected around the previously discussed cluster composed of the N363, N386, N137, and N197 421 glycans, as well as a cluster composed of the N295, N332, and N448 glycans. In addition, the highly protected glycan 422 at N262 remained completely intact after 16 hrs.
423
By quantifying the degree of protection from Endo H (see Methods) and comparing it to the predicted 424 eigencentralities from the proposed network model, we obtain a correlation coefficient of ~0.8 (p=1.14e-05),
425
suggesting highly connected glycans are resistant to enzymatic digestion ( Figure 9E ). Also evident is the similarity 426 between the persistent glycan clusters and the sub-graphs presented in Supplemental Figure 14 and 15. The stripping 427 protocol used to define the sub-graphs can be seen as mimicking the gradual digestion by Endo H, and the stable 428 subnetworks that persist closely match the glycan clusters remaining after digestion ( Figure 9D ). Thus, confirming our 429 initial hypothesis, and providing indirect experimental validation of our proposed network models.
430 Surprisingly, 3-D classification of the Endo H digestion intermediate datasets 431 revealed an increasing degree of protein unfolding and subunit dissociation that appeared to initiate from the V1-3 432 loops in the trimer apex. We identified 4 distinct classes; a stable trimer, unfolding V1-3 loops, dissociated gp120, and 433 a monomer/dimer class ( Figure 10A) . A "junk" class was also detected, which could be more highly degraded sample 434 or misclassified contaminants left over from picking. As the reaction progressed, the percentages of the unfolded 435 trimer classes increased, while the percentage of stably folded trimers decreased ( Figure 10B ). Although it cannot be 436 easily confirmed, the unfolded trimers within these datasets are likely to be more completely de-glycosylated than 437 the particles that make up the stable trimeric classes. Thus, it would appear that the highly connected glycan sub-438 domains are not just resistant to Endo H digestion but are also critical to maintaining the stability of the pre-fusion 439 trimer structure, suggesting glycan shield may function beyond immune evasion. Env, structural and physical models of the glycan shield are incomplete. Towards that goal, we presented an integrated 446 experimental and theoretical approach aimed at illuminating glycan shield structure and behavior at multiple levels.
447
Prior to this study, there were conflicting reports of glycan shield structure from cryo-EM and X-ray 448 crystallography measurements [6, 12, 44] . Our results support the previous conclusions from cryo-EM experiments that 449 the native glycan shield is highly dynamic with respect to the protein core. We did not observe stabilized glycan-glycan 450 interactions like those reported in crystal structures of the same clone [6] . In contrast, we only observed diffuse higher-14 order structure at low resolutions, indicative of averaging over a large ensemble of heterogenous conformations. The 452 topology of this ensemble-average structure is highly connected; however, this does not prove glycans engage in 453 specific interactions, only that they sample overlapping volumes and can potentially interact. There were several 454 methodological differences between the crystallography and our cryo-EM studies that could contribute to the 455 apparently contradictory results. For example, the crystal structures included two bound bnAb per monomer to 456 facilitate crystal packing, both of which engage multiple glycans and disrupt the native dynamics and higher-order 457 structure. Desolvation of mobile waters embedded within the glycan shield during crystallization could also potentially 458 induce the stabilized glycan-glycan contacts observed. A favorable interpretation is that the crystal structures capture 459 physiologically relevant interactions and conformations, however artificially stabilized. This interpretation would fit 460 within the conclusions of this paper as well as the results of previous atomistic simulations [6, 31, 32] , which show that 461 glycans can interact with one another, however more dynamically than the crystal structures suggest.
462
It is known that immune responses to Env preferentially target glycan-depleted surface area[9,10], and the 463 results presented here provide the first experimentally determined mapping of this surface. As the maps are 464 contoured from high to low intensity the glycan volume expands and the topology becomes more connected, while 465 the accessible surface area shrinks. Because intensity scales with the probability of a glycan occupying that region of 466 space, the "strength" of the shielding effect will too, and thus the boundaries delineating shielded from exposed 467 surface are diffuse. Assuming ergodic dynamics, the ensemble-average structure captured by cryo-EM should be 468 identical to the time-averaged dynamics of a single Env molecule at the temperature prior to vitrification. The 469 dynamics of highly flexible glycans on a single Env create a cloud/shield over the protein, similar to the continuous 470 appearance of a rapidly rotating fan. Thus, an approaching antibody with relatively torpid dynamics will effectively 471 "see" this ensemble-average structure. Eventually though, respective timescales will determine whether the antibody 472 can break through, similar to opportunistically inserting an object between the rotating fan blades. The cryo-EM maps 473 presented here do not perfectly capture the in-vivo structure of a single fluctuating Env because they are ensembles 474 averages of chemically heterogeneous molecules. Nevertheless, if one considers the net serum response to a vaccine 475 that itself contains the exact same heterogeneity as sample we analyzed here, then our cryo-EM structure still 476 provides an accurate mapping of the average surface exposure.
477
Expanding on our structural techniques, we demonstrated that cryo-EM is capable of detecting and 478 quantifying changes in glycan dynamics, as well as occupancy and chemical composition between differentially 479 glycosylated structures. The latter of which were exclusively provided by MS prior to this study. Thus, cryo-EM could 480 provide additional validation for these measurements while contributing valuable insight into the structural impact of 481 changes in glycosylation. For instance, semi-quantitative methods to assess the distribution of unoccupied sites have 482 only recently become available [45] , and here we showed that cryo-EM is highly sensitive to occupancy. Our results 483 suggest there may be more substantial differences between the CHO and 293F samples than observed by MS, and 484 given the known impact of changes in glycosylation, in particular occupancy, on the immunogenicity of Env, this has 485 clear implications for the currently on-going human clinical trials that are based on the CHO purified Env trimer. In addition, we found that reduced occupancy at the N137 site opens up a large glycan hole at V1 and appears to impact 487 the composition and/or dynamics at the neighboring N332 site in V3 ( Figure 7I ). Similar behavior was previously 488 observed via MS by comparing glycoform distributions before and after knocking out a particular glycan [46] [47] [48] . Such 489 higher-order effects on glycan processing and dynamics can be easily explained by our structural and computational 490 findings. Beyond the detection of changes in glycosylation, we found that glycan dynamics measured by local intensity 491 in the cryo-EM maps is strongly correlated with the extent of glycan processing measured by the percentage of high-492 mannose type glycans at each site (Supplemental Figure 12B-C) . Indicating the extent of processing at each site can 493 be predicted from cryo-EM maps alone. Processing was also correlated with susceptibility to Endo H digestion 494 (correlation coefficient = 0.6167, p = 0.0029). The relationship between these variables reflects their mutual 495 dependence upon local glycan density and protein structure, both of which can reduce dynamics and restrict access 496 of Endo H and glycan processing enzymes. Indeed, we also see a strong correlation between processing and the 497 measure of glycan crowding introduced earlier (Supplemental Figure 6D ).
498
We showed the ALLOSMOD-based HT-AM pipeline is capable of reproducing key features of the 499 experimental data and obtaining physiologically relevant sampling at most glycan sites. Our work represents the first 500 case of using cryo-EM to validate atomistic models of glycoprotein ensembles, and in turn, their use in guiding cryo-501 EM analysis. We found that glycan flexibility deviated from the experimental observations when the dynamics of the 502 underlying protein are greater than can be captured by the current pipeline. Thus, exploring solutions for enhanced 503 sampling of the protein backbone represents a clear route for improving accuracy of the pipeline. Another logical next 504 step is to use the experimental cryo-EM maps to steer the glycan modeling process, which has been successful at the 505 level of protein ensembles [21, 49, 50] . On the experimental side, our ability to accurately capture differences in glycan 506 dynamics from cryo-EM maps is limited by additional uncertainties that we did not quantify in this paper and could 507 therefore be contributing to the observed deviations. Improving upon the cryo-EM methodology will be equally as 508 important moving forward. Again, performing flexible fitting directly into the map could provide more accurate and 509 comprehensive assessments of variations in relative dynamics throughout the glycan shield in addition to improving 510 model accuracy. Finally, utilizing sequence engineering and different expression systems to achieve uniform 511 glycosylation, or conversely, modeling heterogeneous glycans at each site, could both allow for a more accurate 512 comparison between the simulations and cryo-EM maps.
513
The glycan interaction networks gleaned from our HT-AM ensembles are more challenging to validate 514 directly with cryo-EM. However, by capturing the gradual enzymatic digestion of the glycan shield in a time-resolved 515 manner, we found that the level of protection from Endo H digestion correlated strongly with the importance of each Figure 6E ). Transient deflections of neighboring glycans away from a site can temporarily 519 expose it to digestion, but the probability of this occurring will be influenced by the local density and the dynamics of 520 the surrounding glycans. As the peripheral glycans were digested away it revealed a core set of highly connected glycan sub-domains which showed close resemblance to the sub-graphs generated by defining a more stringent 522 overlap cutoff within the network. Although a direct comparison between our probabilistic network model and the 523 networks constructed from the MD simulations [31, 32] would not be entirely accurate, we found they show a similar 524 overall structure. Taken together, these results lend strong support to the general accuracy of our network model,
525
which is an important validation considering the HT-AM pipeline does not robustly sample the protein backbones, nor 526 does it capture temporal dynamics.
527
The observation that enzymatic de-glycosylation leads to progressive destabilization of the Env trimer was 528 somewhat surprising. The most recent investigations into the effect of glycan knockouts and de-glycosylation on Env 529 stability and viral infectivity suggest the glycan shield has little to no effect on either [51, 52] , however other studies 530 have found the opposite [53] [54] [55] . There is also ample evidence in the literature of glycans influencing protein dynamics 531 and folding, even in the case of Env [27, [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] , but the physical mechanisms responsible for these effects are diverse 532 and not fully understood. One potential mechanism is stabilizing interactions between the core NAG and neighboring 533 side chains, which are observed throughout Env and are common in other glycoproteins. However, Endo H leaves the 534 core NAG attached, so the stability must arise by another mechanism. We hypothesize that the dense packing of 535 glycans serves to dampen the underlying protein dynamics. In line with this, we observed an increase in glycan RMSF 536 when using Man5 in place of the larger Man9, which we interpret as more crowding in the glycan canopy (above the 537 stalks) leading to reduced dynamics closer to the protein surface. Furthermore, the correlation we observed between 538 Endo H protection and network eigencentrality suggests glycan-glycan interactions might also play a role. Even though 539 a single interaction may be weak, the combined effect of many such interactions in a densely glycosylated region 540 could become significant. The Endo H experiments provide an explicit mapping of the importance of each glycan 541 toward maintaining the integrity of the glycan shield and the overall stability of Env. This has clear implications for 542 rational vaccine design, where adding and removing glycans could have undesired effects on protein stability and the 543 structure of glycan networks. In addition, we found that instability originates from the trimer apex, around the V1-3 544 loops. This region of the structure is known to be metastable and to change conformation upon CD4 and co-receptor 545 binding [43, 68] . Therefore, it is plausible the glycans in this region are contributing to maintaining stability of the pre-546 fusion and pre-CD4 bound state. Finally, glycan induced stabilization of Env may enable hyper-mutation of the 547 underlying protein surface, thereby endowing Env with the ability to escape immune pressure with otherwise 548 deleterious mutations.
549
Looking beyond HIV-1 Env, the integrated cryo-EM and molecular modeling approach can be easily extended 550 to glycan shields from other viral fusion proteins such as Influenza, Ebola, Lassa, and Coronaviruses, and it represents 551 a potentially powerful tool for studying the structure and biophysical properties of glycoproteins in general.
553
Materials and Methods 554 555 BG505 SOSIP.664v3 expression and purification in HEK293F, 293S, and CHO cells 21 cryo-EM maps. To quantify the percent occupancy at each site after Endo H digestion we assumed a linear relationship 697 between signal intensity and occupancy, with any intensity <= 0 being considered fully digested. Initial occupancies 698 were determined by MS. To calculate the Endo H protection score we added the percent occupancy at each site from 699 the EndoH2 and EndoH16 maps and normalized the results between 0 and 1. This can be seen as the integral of 700 occupancy with respect to reaction time. All local intensity analysis was repeated before and after intensity 701 equalization in RELION for comparison (Supplemental Figure 10) . 
712
The computational atomistic ensemble modeling method that we employed is as follows. First, we generated a robust 713 ensemble of atomistic models of BG505 SOSIP.664 by implementing the ALLOSMOD [39, 86] package of 714 MODELLER[87, 88] in a streamlined pipeline. The BG505 SOSIP.664 protein scaffold was homology modeled and the 715 missing residues in the hypervariable and dynamic V2 and V4 loops (residues 186-189 and residues 400-410) were 716 modeled ab initio. All the disulfide bonds were maintained as additional restraints. 100 models were generated, and 717 the best 10 were selected ( Figure 3A ) based on MODELLER optimization scores and stereochemistry scores as 718 determined by PROCHECK [89] . For each of the 10 selected protein structures, glycans were initially added at the 719 known glycosylation sites based on ideal geometries as dictated by CHARMM36 [90, 91] force field internal 720 coordinates. For simplicity, we chose to apply uniform glycosylation of mannose-9 because the MS data suggests this 721 is the most common glycan type on BG505 SOSIP.664 [47] . This was followed by a 1Å random deviation added to 722 the overall atomic coordinates. This template-free glycan modeling method optimizes an energy function given by a 723 combination of spatial restraints and CHARMM36 glycan forcefield terms, to enforce proper stereochemistry. The 724 generated structures were further relaxed ( Figure 3B ) with several steps of conjugate gradient minimization followed 725 by simulated annealing as described by Guttman et. al. [39] . The glycans and the loop regions were kept flexible during 726 the refinement steps. 100 fully glycosylated structures were modeled from each of the 10 selected protein models, is the 737 average atomic position of heavy atom k in glycan n. K is the total number of heavy atoms in the glycan (127 for Man9).
738
The ensemble for each model contains 1000 snapshots, making M = 1000 snapshots for each of the two models. 
747
Graph theoretic analysis of ALLOSMOD ensembles
748
The inter-glycan overlap is calculated as the total fraction of heavy atoms from the two glycans that come within 5Å 749 of each other. A single mannose-9 glycan has 127 heavy atoms. Since our ensemble is composed of 1000 possible 750 structures, there are effectively 127,000 heavy atoms per ensemble of mannose-9 at one position. The fraction of the 751 total number of heavy atoms from two neighboring ensembles that come within contact distance defines the overlap 752 fraction. An overlap greater than or equal to 50% of heavy atoms from two neighboring mannose-9 glycans is assigned 753 as 1. This overlap matrix is used to define the adjacency matrix for our network analysis. 
776
All data needed to evaluate the conclusions in the paper are present in the paper and/or the Supplementary Materials.
777
Additional data related to this paper may be requested from the authors. The electron potential maps have been 
